Unselected and sodium sulfate tolerant callus cultures of Brassica napus L. cv Westar were grown on media supplemented with mannitol, NaCl, or Na2SO4. In all cases, growth of tolerant callus, measured on a fresh weight or dry weight basis, was greater than that of unselected callus, which was also subject to necrosis on high levels of salt. Tissue water potential became more negative in both unselected and tolerant callus grown in the presence of mannitol or Na2SO4. Water potentials in unselected callus were more negative than those of the tolerant tissues; but over a range of Na2SO4 concentrations both cultures displayed osmotic adjustment, maintaining relatively constant turgor. Proline accumulation in both unselected and tolerant callus was low (15 to 20 micromoles per gram dry weight) in the absence of stress, but increased on media supplemented with mannitol, NaCI, or Na2SO4. Increases in proline concentration were approximately linear in tolerant callus, reaching a maximum of 130 to 175 micromoles per gram dry weight. In unselected callus, concentrations were higher, reaching 390 to 520 micromoles per gram dry weight. Proline accumulation was correlated with inhibition of growth, and there was a negative correlation between proline concentration and culture age for tolerant callus.
There are now many reports which describe the selection of salt tolerant cell cultures (5, 17, 21) . A practical objective of such studies is the subsequent regeneration of tolerant plants, and this has been achieved in some species (4, 22, 24) . However, salt tolerant cell cultures are also ideal systems with which to assess the physiological effects of salt and/or water stress at the cellular level (21) . Comparison to nontolerant cell cultures isolated from the same initial explants enables measurement of the capacity and range of cellular tolerance, and allows identification of mechanisms of tolerance which may be applied for more specific in vitro selection. Unfortunately, detailed studies of tolerance and adaptation in vitro have been carried out with only a few mesophytic species (5), e.g. tobacco (2, 13, 16, 18) , tomato (3, (10) (11) (12) , and Citrus sp. (28) .
The present report describes characteristics of growth, water relations, and proline accumulation in unselected and tolerant callus of Brassica napus cv Westar, exposed to both water and salt stress. Sodium sulfate tolerant callus of this canola variety of rapeseed was previously isolated (6) , as part of a study aimed at the retrieval of salt tolerant plants using tissue culture (26) . In western Canada, the major salts present in salinized soils are sulfates (22) . ' Supported by the Natural Sciences equal volume of medium taken from an adjoining area, were transferred to a sample chamber, which was sealed for 3 h. After this time the water potential was measured using a 30 s cooling period and calibration to standard solutions of NaCl. For callus, the samples, still in the holders, were wrapped, frozen in liquid N2, thawed, and then sealed for a further 3 h. A second measurement was then taken, representing &5. Turgor (/,,) was calculated from {-As, (13) . Four replicate samples were taken for each treatment. Iso-osmotic concentrations of Na2SO4, NaCl, and mannitol were estimated (15 Brassica napus callus on medium supplemented with Na2SO4 have been previously described (6) . In summary, tolerant callus could grow at levels of salt completely inhibitory to unselected callus and had a friable appearance. Unselected callus was very compact. Tolerant callus grew well at high levels of Na2SO4, whereas at concentrations of 105 mM Na2SO4 unselected callus was unable to grow and showed only 0.5 to 1.0% survival. Higher levels caused complete necrosis. In contrast, tolerant callus showed less inhibition of growth, high yields, and no necrosis at concentrations of Na2SO4 up to 140 mm. Figure 1 compares growth of tolerant and unselected cultures. The tolerant callus shown was selected for growth at high Na2SO4 levels, and there was no necrosis on medium containing 210 mm Na2SO4 (3%, w/v). The water content of both unselected and tolerant callus decreased as the level of Na2SO4 was increased. Therefore, DW was less impaired by Na2SO4 than FW (Fig. 1 (Fig. 3) . Tolerant callus also retained a higher water content (Fig.  3) (n = 5) for unselected callus and -0.67 ± 0.03 (n = 2) and -0.94 ± 0.08 (n = 3) for tolerant callus maintained on basal medium supplemented with 70 or 105 mm Na2SO4, respectively. When exposed to Na2SO4 or mannitol water potentials of both tolerant and unselected callus became greater (Fig. 4) . In both cultures there was a linear correlation between tissue water potential and concentration of the supplement, and at each level tested the water potential of unselected callus was 0.2 to 0.4 MPa more negative than the tolerant tissue. A similar difference was observed in the absence of stress (Fig. 4) . This difference was correlated to medium water potential. On medium containing 0, 35, and 70 mm Na2SO4 the water potential of the medium sampled from unselected cultures was 0.03, 0.17, and 0.23 MPa more negative than that sampled from tolerant cultures. Tissue water potential was within 0.05 to 0.15 MPa of the medium water potential (Fig. 5) . The possibility that the less negative water potential in the medium of tolerant cultures was due to nutrient depletion was indicated by the fact that tolerant callus stocks became brown and necrotic after 5 weeks if not subcultured, by which time fresh weight was as high as 8 g per Petri dish. Figure 5 shows that in five of six Na2SO4 concentrations tested, water potentials of tolerant callus were less negative than that of the medium on which the callus was growing.
Tolerant callus grown over a range of Na2SO4 concentrations maintained relatively constant turgor ( Fig. 5; 0 callus exposed to Na2SO4 produced proline, and that tolerant callus grown in the absence of Na2SO4 produced amounts comparable to unselected callus cultures in the absence of stress. Production of proline was therefore dependent on the presence of Na2SO4. Unselected callus produces more proline in the presence of Na2SO4 than tolerant callus grown on the same concentration. This observation was also made in callus grown on medium containing NaCl or mannitol (Fig. 6) , both of which also induce proline production. Tolerant callus grown on medium containing initially iso-osmotic concentrations of mannitol or salt contained approximately equal amounts of proline. In contrast, unselected callus grown on NaCl contained less proline than unselected callus grown on medium containing initially isoosmotic concentrations of mannitol or Na2SO4 (Fig. 6) . Tolerant callus displayed a linear increase in proline concentration with increased levels of mannitol or NaCl (Fig. 6 ). In tolerant cultures there was a negative correlation between proline concentration at the point of subculture and the age of the culture (Fig. 7) . Interestingly, extrapolation of the line fitted to the available points for these data indicated an expected proline content of approximately 350,umol/g DW at subculture zero (Fig. 7) . This represented unselected callus exposed to Na2SO4, and was similar to actual observations ofthe proline response of unselected callus (Fig. 6 ).
DISCUSSION
Na2SO4 tolerant callus of Brassica napus was cross-tolerant to both NaCI and the osmotic stress imposed by mannitol. Growth of unselected callus was inhibited by addition of these compounds, and, as in other species studied in vitro (7, 15) , osmotic restraints were compounded by specific ion toxicities, causing necrosis, on media supplemented with salt. In B. napus callus sulfate ions appeared to be more toxic than chloride ions, and in fact growth was inhibited less on media containing NaCI than on media with initially iso-osmotic concentrations of mannitol.
Development of tolerance to Na2SO4 in vitro involves not only acquisition of a capacity to grow under water stress but also cellular mechanisms to counteract the toxic effects of excess ions. In the present report we have characterized water relations and proline accumulation in tolerant and unselected cultures to determine whether differences in either of these processes may explain the selection of Na2SO4 tolerant callus.
Both tolerant and unselected callus adjusted to changes in external water potential caused by addition of mannitol or salt, and at any given Na2SO4 concentration the turgor of the two tissues was similar. Unselected callus therefore displayed a similar osmotic adjustment to tolerant callus before succumbing to the toxic effects of Na2SO4, and both culture types showed linear changes in water potential when grown on mannitol. It is therefore unlikely that failure to achieve osmotic adjustment and maintenance of turgor is the cause of growth inhibition in unselected cultures. Also, there does not appear to be an increase in turgor in response to the salt. In fact, selection for growth at low external water potential in other species has shown that cells can undergo osmotic potential changes of up to -4 MPa (-40 bars) (3, 13). The -1 MPa stress imposed by the levels of mannitol or Na2SO4 that proved to be toxic in B. napus callus might therefore be considered quite moderate (12) . The fact that turgor was maintained indicated other processes must be inhibited by water stress in unselected callus to repress growth. Turgor has been found not to be a restrictive factor to growth during stress in the intact plant (29) , tobacco cells selected for growth on NaCl (2), and tomato cells adapted to PEG (3, 12) .
In sugar beet callus grown on Na2SO4, unselected callus showed a more negative water potential than tolerant callus at any one stress level (26) . A similar observation in our cultures might be due to differences in medium water potential at the time of sampling. As mentioned, this could be due to a faster rate of nutrient depletion by tolerant callus. What could also contribute to the difference was that growth of the unselected callus was inhibited on salt or mannitol. The cells might therefore not have expanded as fully. It is also possible that the large amount of proline produced by unselected callus on media supplemented with salt or mannitol might also contribute to the difference. Proline accumulation in plant cells exposed to salt or water stress is a widespread phenomenon (5) , and there is evidence that this overproduction could serve as a source of cytoplasmic osmotica (8, 12, 13, 30) . This may well be the case for tolerant B. napus callus as there was a linear increase with increasing medium water potential, the actual concentrations measured were in the correct physiological range, and there were similar amounts of proline in tissue grown on iso-osmotic concentrations of mannitol or salt. However, as in Nicotiana sylvestris (9) the unselected callus produced several times more proline than tolerant callus. One explanation for this could be that even though growth was inhibited in unselected callus production of osmotica still proceeded and that proline was far more important here than it was in tolerant callus. increasing culture age in tolerant callus, though not accompanied by loss of tolerance, was associated with a fall in proline concentration supports this view. An alternative explanation for enhanced proline levels in unselected callus could be that excess production was a symptom of stress damage (9, 14) . Evidence for this was not only the nonlinear increase in proline levels in unselected callus, but also the relationship between inhibition of growth and accumulation of proline. In unselected callus proline levels on NaCI were low in comparison to initially iso-osmotic levels of mannitol or Na2SO4, because growth was not inhibited as much. Whatever the cause of the enhanced levels of proline in the unselected callus, it is clear that proline accumulation was not confined to tolerant callus and therefore, unlike the situation in other salt-tolerant cultures (25, 28) cannot be the sole mechanism of salt tolerance.
Our results have established that both unselected and tolerant callus responded to water stress by osmotic adjustment and proline accumulation. However, as only the tolerant callus was able to grow and tolerate excess ions, these regulatory processes must be accompanied by other physiological and/or biochemical changes. Such events are likely to result in coordination ofseveral functions. The alteration in appearnce associated with tolerance in our cultures (6) , and more quantitative studies using saltgrown tobacco cell cultures (20) , suggest modification of phytohormonal metabolism, for example.
In Brassica species there appears to be interspecific variability with regard to both salt (6) and drought (27) tolerance. In the latter case a weak association was measured between yield and proline content of droughted leaves. Proline also appeared in response to water stress in B. napus cell cultures, and similar observations in other species have led to the suggestion that this metabolite could be used as a metabolic marker for more specific screening or selection in vitro (1). In B. napus the greater proline response in unselected callus indicates this approach is likely to be of limited value, although we are currently assessing the relationship between proline overproduction in the absence of stress and culture survival. 
